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The technological refinement of experimental techniques has recently allowed the generation of
two-photon polarization entangled states at low Earth orbit, which have been subsequently applied
to quantum communications. This achievement paves the way to study the interplay between
General Relativity and Quantum Mechanics in new setups. Here, we study the generation of two-
photon entangled states via large scale Franson and Hugged interferometric arrays in the presence
of a weak gravitational field. We show that for certain configurations of the arrays, an entangled
state emerge as consequence of the gravitational time delay. We also show that the aforementioned
arrays generate entanglement and violate the Clauser-Horne-Shymony-Holt inequality under suitable
conditions even in the presence of frequency dispersion.
I. INTRODUCTION
Quantum Mechanics and General Relativity are very
successful physical theories. They exhibit a remarkably
accurate predictive power ranging from the atomic struc-
ture to gravitational waves. Furthermore, contemporary
technological applications, such as atomic clocks and the
Global Positioning System, find their roots in the afore-
mentioned theories.
The interplay between Quantum Mechanics and Gen-
eral Relativity is a different matter: a quantum theory
of gravity is still missing. In spite of this, the interac-
tion between quantum systems and gravity in the weak
field limit has been an intensive research subject, both
from theoretical and experimental viewpoints. A canoni-
cal example of this is the celebrated Colella-Overhauser-
Werner experiment [1]. In this, a neutron beam propa-
gates inside a Mach-Zehnder interferometer whose arms
are at different gravitational potentials. The interfer-
ence pattern displays a phase difference that is produced
by the action of the gravitational field on the neutrons.
Similar interferometric setups have been proposed to test
cosmological effects, such as, for instance, Sagnac inter-
ferometry to measure the rotation parameter entering in
Go¨del’s metric [2, 3].
Interferometric visibility has also been proposed as an
efficient tool to study proper time in the general rela-
tivistic context [4, 5]. In this case, the interfering par-
ticles are endowed with a clock that is implemented by
means of an internal degree of freedom or the Shapiro
effect. According to the notion of proper time, clocks
will evolve conditionally to the propagation path inside
the interferometer, that is, the clocks evolve into different
nonorthogonal quantum states. Due to the complemen-
tarity between interferometric visibility and which-way
information available at the clock states, the former will
decrease. This gravitationally induced time dilation has
also been proposed as a decoherence mechanism for quan-
tum superpositions [6].
Here, we study the effect of a weak gravitational field
on large scale optical interferometric Bell tests. This
is motivated by the constant need to push the validity
boundary of Quantum Mechanics as well to explore possi-
ble applications of entanglement to satellite-based quan-
tum communications [7, 8] In particular, we study Fran-
son [9] and Hugged [10] interferometric arrays. Each one
of these consist of a source of twin photons, generated
by means of spontaneous parametric down conversion,
and two Mach-Zehnder interferometers. In the Franson
array each photon enters a different interferometer. In
the Hugged array the interferometers are interlinked in a
more complex geometry and both twin photons can enter
into the same interferometer. The output ports of the in-
terferometers are endowed with single-photon detectors.
Energy-time entanglement arises due to the simultane-
ous generation of the twin photons, the impossibility of
distinguishing among pairs of propagation paths of the
same length via coincidence measurements, and a post-
selection process. This discriminates between pairs of
photons propagating through paths of equal or different
length. We consider that the Franson and Hugged inter-
ferometric arrays experience a weak gravitational field.
In particular, we assume that the available propagation
paths are at different gravitational potentials and that
the gradient of the gravitational field is small enough
such that it can be treated as a perturbation. In this
scenario, we calculate the gravitational time delays af-
fecting the free propagation of photons along the optical
paths forming the interferometric arrays. We impose con-
ditions onto the proper length of the propagation paths
such that the only source of temporal delay in the arrival
of photons to detectors is the gravitational time dilation.
A Franson interferometric array formed by balanced and
geometrically identical interferometers does not allow to
carry out the post-selection process, when placed on a
gravity equipotential surface. In this case, all optical
paths have the same length and, consequently, all pairs
of paths are associated to the simultaneous detection of
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2pairs of photons. Thus, the array does not allow to gen-
erate a maximally entangled state. However, when the
paths are affected by different gravitational potentials,
we show that the gravitational time dilatation generates
delays for specific pairs of paths and the post-selection
process can be carried out. Thereby, the presence of a
weak gravitational field makes possible the generation of
a maximally entangled state.
We show that the two-photon states generated by the
arrays in presence of a weak gravitational field are max-
imally entangled and calculate the elapsed time two-
photon detection probabilities. These become coinci-
dence detection probabilities when the arrays are at a
gravity equipotential surface. The elapsed time detec-
tion probabilities are given by a cosine function whose
argument is the addition of the gravitational phase shift
of each twin photon plus controllable local phases. The
phase shifts are given by the gravitational time delay
times the frequency. Therefore, the elapsed time de-
tection probabilities are functions of the frequency. For
this reason we also consider the case in which the light
source at the interferometric arrays exhibits frequency
dispersion. Since detectors do not resolve frequency,
the elapsed time detection probabilities must be aver-
aged over the spectral distribution of the light source,
which typically conveys a decrease of the two-photon in-
terference visibility. In particular, we consider identical
gaussian distributions for the frequency of each photon.
In this case, the elapsed time detection probabilities are
given by a harmonic oscillation with an exponentially
decreasing amplitud. In order to study the impact of
frequency dispersion on the entanglement of the states
generated by the Franson and Hugged interferometric ar-
rays in presence of a weak gravitational field, we resort
to the Clauser-Horne-Shymony-Holt (CHSH) inequality
|Σ| ≤ 2 [11]. Quantum states that violate this inequality
can not be described by an ad-hoc classical theory and
are, at least, partially entangled. We show that the func-
tional Σ is also given by a harmonic oscillation with an
exponentially decreasing amplitud. The scale of the ex-
ponential function is given by A∗ =
√
ln 2c3/(gσ), where
g is the gravitational constant, c is the speed of light,
and σ is the width of the gaussian distribution of the
photons generated by the light source. Thereby, Franson
and Hugged arrays whose Mach-Zehnder interferometers
have a proper area A larger than A∗ generate two-photon
states that do not violate the CHSH inequality. We also
show that for certain configurations of Franson or Hugged
arrays the harmonic oscillation can be suppressed, in such
a way that the functional Σ is solely given by a decreasing
exponential function.
This article is organized as follows: In Sec. II we briefly
describe Franson and Hugged interferometric arrays and
the CHSH inequality. In Sec. III we calculate the var-
ious time delays and the phase shifts introduced by a
weak gravitational field in the interferometric arrays. In
Sec. IV we describe quantum state of light generated by
the arrays in the presence of a weak gravitational field,
calculate the two-photon detection probabilities, and ob-
tain the two-photon interference visibility. In Sec. V we
study the violation of the CHSH inequality in the pres-
ence of a weak gravitational field for each array. Finally,
in Sec. VI we summarize and conclude.
II. FRANSON AND HUGGED
INTERFEROMETRIC ARRAYS
Franson [9] and Hugged [10] interferometric arrays
have been proposed as feasible sources of energy-time (or
time-bin) entanglement, which have been subsequently
employed to experimentally realize the violation of Bell
like inequalities, such as the CHSH inequality.
Let us consider Figures 1 and 2 depicting Franson and
Hugged interferometric arrays, respectively, and assume
for now that the difference of gravitational potential be-
tween the arms for each array vanishes. Both arrays are
composed of two Mach-Zehnder interferometers, a light
source, and a single photon detector in each of the four
available output ports. Each Mach-Zehnder interferom-
eter has a short (S) and a long (L) optical path. The
optical path difference is given by ∆L. The light source
generates at a random time two twin photons by means
of spontaneous parametric down conversion. The source
operates in heraldic mode, that is, both twin photons are
simultaneously created in a separable state. Both pho-
tons have the same polarization state and propagate in
opposite directions.
In the case of the Franson interferometric array, the
light source is between the Mach-Zehnder interferome-
ters. Thereby, the interferometers are physically discon-
nected and each photon of the pair always enters a dif-
ferent interferometer. The setup in the Hugged inter-
ferometric array is more complex. Here, both interfer-
ometers are interlinked, that is, they share a segment
of optical path. The source is located at this segment.
Consequently, both twin photons might enter the same
interferometer.
After the generation of the twin photons, each one of
them interacts with a beam splitter. This creates a new
state for each photon that corresponds to the coherent
superposition of the states |S〉 and |L〉 that describe the
evolution along the short and long paths, respectively.
Thereafter, each photon interacts with a second beam
splitter that leads to two output ports. These are associ-
ated to a single photon described by the orthogonal states
|S〉 ± eiφ|L〉, where we have included a locally generable
phase φ, for instance, with the help of a piezoelectric de-
vice controlling a translational stage on which the beam
splitters are placed. Thereby, the detection of a single
photon does not allow to determine the actual path fol-
lowed by the detected photon.
Non-local coincidences, that is, two simultaneous de-
tections in detectors belonging to different interferome-
ters, allow us the generation of an entangled state. Si-
multaneity requires that the elapsed time between the
3generation of a photon and its detection must be equal
for both twin photons. This happens only if both pho-
tons follow paths of the same length, that is, both twin
photons propagate through a short path or a long path.
Thus, after the generation of a pair of twin photons we
might have coincidences after a time interval ∆t0, for
photons propagated through short paths, or ∆t0 +∆L/c,
for photons propagated through long paths.
Since the light source generates a pure state and the
interferometric arrays preserve the purity of the quantum
state, the state of the twin photons before the output
ports is given by
|Φ〉 = 1
2
[|S(∆t0)〉+ |L(∆t0 + ∆L/c)〉]
[|S(∆t0)〉+ |L(∆t0 + ∆L/c)〉] . (1)
Since in the spontaneous parametric down conversion
process the generation time of a pair of photons is uncer-
tain, it is not possible to distinguish between twin pho-
tons that propagated through short or long paths. Fur-
thermore, since these two events are mutually exclusive
and the interferometric arrays preserve the coherence, the
ensemble of photons detected in coincidence is described
by the pure state
|Ψ〉 = 1√
2
[|S(∆t0)〉 |S(∆t0)〉
+ |L(∆t0 + ∆L/c)〉 |L(∆t0 + ∆L/c)〉] , (2)
which is maximally entangled.
Franson and Hugged interferometric arrays generate
the above state by means of a filtering (or post-selection)
procedure applied to coincidence detection. In the case
of the Franson array the filtering is non-local, since we
must exclude non-simultaneous detections that occurs on
both interferometers. Since the first detection is given
by a photon traveling through a short path, it is possible
to determine whether a pair of twin photons followed a
combination of short and long paths or vice versa. In
the case of the Hugged array the filtering is local, since
only photons propagating by similar paths, either short
or long, arrive to different interferometers. Consequently,
two consecutive detections on the same Mach-Zehnder
interferometer indicate a pair of twin photons following
a combination of short and long paths.
The probability of coincidences is given for both inter-
ferometric arrays by the expression
pαα′(φ1, φ2) =
1
4
(
1− (−1)δαα′Vαα′ cos(φ1 + φ2)
)
, (3)
where φ1 and φ2 are local phases generated at each in-
terferometer and Vαα′ are the observed visibilities of the
interference patterns.
The state generated by Franson and Hugged interfer-
ometric arrays has been employed to study the non-local
nature of Quantum Mechanics via the test of the CHSH
inequality [11]. This is given by the expression
|Σ| ≤ 2, (4)
where the functional Σ is
Σ = E(φ1, φ2) + E(φ
′
1, φ2) + E(φ1, φ
′
2)− E(φ′1, φ′2) (5)
and
E(φ1, φ2) = p11(φ1, φ2) + p22(φ1, φ2)
−p12(φ1, φ2)− p21(φ1, φ2) (6)
is the expectation value of a dichotomic observable with
eigenvalues ±1 that depends on the local phases φ1 and
φ2. The values of the local phases φ1 = −φ′1 = pi/4,
φ2 = 0, and φ
′
2 = pi/2 lead to the maximal value |Σ| =
2
√
2, when the visibilities are maximal and the generated
estate is maximally entangled.
III. GRAVITATIONAL PHASE SHIFT IN
FRANSON AND HUGGED INTERFEROMETRIC
ARRAYS
In this section we study the propagation of photons in-
side the Franson and Hugged interferometric arrays con-
sidering the action of a weak gravitational field. For this
purpose we review the use of photons as clocks and the
determination of the corresponding gravitational time de-
lay and phase shift. Afterward we apply this to the Fran-
son and Hugged interferometric arrays.
A. Photons as clocks
In this subsection we describe a photon as a clock and
the effects of the gravitational potential on light. We use
the Schwarzschild metric in isotropic coordinates since
this ensures that our expressions remain unchanged, up
to first order, if the interferometric arrays are rotated.
The Schwarzschild metric in isotropic coordinates is
given, to first order in φ/c2, by the expression
ds2 =
(
1 + 2
φ(r)
c2
)
c2dt2
−
(
1− 2φ(r)
c2
)(
dx2 + dy2 + dz2
)
, (7)
where φ(r) is the Newtonian gravitational potential.
Since photons propagate along a light-like curve from
position x0 to position xf , the corresponding interval of
coordinate time is given by
∆t = ±
(
1
c
)∫ xf
x0
(
1− 2φ(r)
c2
)
dl, (8)
where dl =
√
dx2 + dy2 + dz2. According to Eq. (8), the
temporal coordinate of photons depends on the gravita-
tional potential. Consequently, photons moving through
paths with the same change of spatial coordinates un-
der the action of different gravitational potentials have
different coordinate time intervals.
4FIG. 1: Franson interferometric array. A light source
concatenates two Mach-Zehnder interferometers. Light
source and short (S) paths γ1 and γ
′
1 are located at a
gravitational potential φ(R). The horizontal segments
of long (L) paths γ2 and γ
′
2 are placed at a gravitational
potential φ(R+ ∆h). Detectors situated at the output
ports of the interferometers are indicated by
a1,1, a1,2, a2,1 and a2,2.
Another effect of the gravitational field on a pho-
ton is a phase shift. The phase shift of the electro-
magnetic field describing the photon can be computed
within the geometrical optics approximation. In this con-
text, the phase of the electromagnetic potential satisfies
the eikonal equation, that corresponds to the Hamilton-
Jacobi equation for massless particles on a particular
background metric. For the case of a stationary space-
time, the phase shift is given by ∆ϕ = ω∞∆t [12, 13],
where ω∞ is the frequency of the electromagnetic field
as measured by an observer at infinity, where the grav-
itational field vanishes, and ∆t is the corresponding co-
ordinate time interval spent by light on its path. For an
observer at rest at some particular location, we can write
∆ϕ = ω∆τ , where ω = ω∞/
√
g00 is the frequency of
the electromagnetic field measured at the position of the
observer/clock, and ∆τ =
√
g00∆t is the corresponding
proper time.
The phase shift can be observed using a single photon
propagating in a Mach-Zhender interferometer [5] whose
arms experience different gravitational potentials. This
leads to a phase shift ∆ϕ = ω∆τ = ω∆lg∆h/c3 in the in-
terference pattern, where ∆l and ∆h are the characteris-
tic proper length and proper height of the interferometer.
Besides the phase shift, a second interesting effect arises:
the visibility of the interference pattern decreases expo-
nentially with the square of the difference ∆τ of proper
time. In the Newtonian limit the difference of proper
time vanishes. Consequently, the visibility is maximal
and only the phase shift is present. However, in the con-
text of General Relativity in the weak field limit the dif-
ference of proper time is in general non-null and both
effects, phase shift and decrease of visibility, are present.
B. Franson interferometric array
In the Franson interferometric array, the paths γ1 and
γ′1 experience a gravitational potential φ(R) and the hori-
zontal segments of the paths γ2 and γ
′
2 experience a grav-
itational potential φ(R + ∆h). The vertical segments of
paths γ2 and γ
′
2 experience a continuous variation of grav-
itational potential from φ(R) to φ(R+ ∆h).
According to the Schwarzschild metric Eq. (7), the
proper length of path γ1 is approximately given by
Lγ1 ≈
(
1− φ(R)
c2
)
∆xγ1 , (9)
where ∆xγ1 is the interval of spatial coordinates of γ1.
Similarly, for the horizontal segment of path γ2 the
proper length is
Lγ2 ≈
(
1− φ(R+ ∆h)
c2
)
∆xγ2 , (10)
where ∆xγ2 is the interval of spatial coordinates of γ2.
The vertical segments of path γ2 have a proper height
given by
H ≈
(
1− φ(R)
c2
)
∆h. (11)
The coordinate time interval Eq. (8) for a vertical section
of the path γ2 is, up to first order in ∆h, given by
∆tVγ2 ≈
∆h
c
(
1− 2φ(R)
c2
)
, (12)
while the coordinate time intervals for the path γ1 and
the horizontal segment of path γ2 are given by
∆tγ1 ≈
Lγ1
c
(
1− φ(R)
c2
)
(13)
and
∆tHγ2 ≈
Lγ2
c
(
1− φ(R+ ∆h)
c2
)
, (14)
respectively. The total coordinate time interval ∆tγ2
along path γ2 is ∆tγ2 = ∆t
H
γ2 + 2∆t
V
γ2 . The elapsed time
between generation and detection of a photon that prop-
agates along path γ1 or path γ2, measured by a clock at
the position of the detectors at a gravitational potential
φ(R), is given by the proper time intervals
∆τγ1 =
√
1 +
2φ(R)
c2
∆tγ1 ≈
Lγ1
c
(15)
and
∆τγ2 =
√
1 +
2φ(R)
c2
∆tγ2 ≈
Lγ2
c
(
1− gH
c2
)
+ 2
H
c
,
(16)
respectively. Analogously, for photons propagating along
path γ′1 or path γ
′
2 we obtain
∆τγ′1 =
√
1 +
2φ(R)
c2
∆tγ′1 ≈
Lγ′1
c
(17)
5and
∆τγ′2 =
√
1 +
2φ(R)
c2
∆tγ′2 ≈
Lγ′2
c
(
1− gH
c2
)
+ 2
H
c
,
(18)
correspondingly.
The differences of proper time ∆τγ1γ′1 = ∆τγ1 −∆τγ′1
and ∆τγ2γ′2 = ∆τγ2 − ∆τγ′2 describe the elapsed time
between the successive detection of two twin photons
propagating along paths (γ1, γ
′
1) and (γ2, γ
′
2), respec-
tively. Analogously, ∆τγ1γ2 = ∆τγ1−∆τγ2 and ∆τγ′1γ′2 =
∆τγ′1 −∆τγ′2 describe the difference of the time of flight
of a single photon that propagates along the arms of each
Mach-Zehnder interferometer. The time delays ∆τγ1γ′1 ,
∆τγ2γ′2 , ∆τγ1γ2 and ∆τγ′1γ′2 obey the following constraint
∆τγ1γ′1 −∆τγ2γ′2 = ∆τγ1γ2 −∆τγ′1γ′2 . (19)
We impose the following condition
∆τγ1γ′1 = ∆τγ2γ′2 = ∆τ, (20)
with ∆τ ≥ 0. This guarantees that it is not possible
to distinguish a pair of photons propagating along paths
(γ1, γ
′
1) from a pair of photons propagating along paths
(γ2, γ
′
2) by means of the elapsed time between successive
detections. Thereby, the Franson interferometric array
generates a maximally entangled state even when there
are no coincidences between pairs of detectors at different
Mach-Zehnder interferometers.
According to the constraint Eq. (19) and the condition
Eq. (20), the equality ∆τγ1γ2 = ∆τγ′1γ′2 must hold. This
also constraints the proper lengths. We obtain
Lγ1 ≈ Lγ′1 + c∆τ, (21)
Lγ2 ≈ Lγ′2 + c∆τ(1 +
gH
c2
). (22)
Using these expressions, the temporal delays ∆τγ1γ2 and
∆τγ′1γ′2 become
∆τγ1γ2 =
Lγ′1
c
− Lγ′2
c
(1− gH
c2
)− 2H
c
, (23)
∆τγ′1γ′2 = ∆τγ1γ2 . (24)
Now, we can remove the terms that do not involve the
gravitational field by demanding that
Lγ′1 = Lγ′2 + 2H, (25)
which indicates that the proper lengths for paths γ′1 and
γ′2 are equal, that is, the Mach-Zehnder interferometer for
paths γ′1 and γ
′
2 is balanced. Under condition Eq. (25),
the time delays ∆τγ1γ2 and ∆τγ′1γ′2 reduce to an expres-
sion proportional to the gravitational field [5, 14], that
is, the gravitational time delays are given by
∆τγ1,γ2 = ∆τγ′1γ′2 ≈
Lγ′2gH
c3
. (26)
Consequently, the phase shift becomes
∆ϕ = ω∆τγ1γ2 = ω∆τγ′1γ′2 ≈
ωLγ′2gH
c3
. (27)
In order to generate a maximally entangled state, we
must be able to perform the post-selection procedure,
that is, to distinguish pairs of twin photons following
paths (γ1, γ
′
1) or (γ2, γ
′
2) from pairs of twin photons fol-
lowing paths (γ1, γ
′
2) or (γ2, γ
′
1). Thus, we need to obtain
the value of the time delays ∆τγ1γ′2 = ∆τγ1 −∆τγ′2 and
∆τγ2γ′1 = ∆τγ2 −∆τγ′1 , which can be cast as
∆τγ1γ′2 = ∆τγ1γ′1 + ∆τγ′1γ′2 , (28)
∆τγ2γ′1 = ∆τγ2γ′2 −∆τγ′1γ′2 . (29)
Using Eqs. (20) and (45) we can write
∆τγ1γ′2 ≈ ∆τ +
Lγ′2gH
c3
, (30)
∆τγ2γ′1 ≈ ∆τ −
Lγ′2gH
c3
, (31)
which indicate that twin photons following paths (γ1, γ
′
2)
can be distinguished from twin photons following paths
(γ2, γ
′
1) by measuring the elapsed time between successive
detections.
Since twin photons propagating along paths (γ1, γ
′
1) or
(γ2, γ
′
2) experience a time delay ∆τ , these can be dis-
tinguished from twin photons propagating along paths
(γ1, γ
′
2) or (γ2, γ
′
1) by measuring the elapsed time be-
tween detections. Furthermore, it is the gravitational
time delay Lγ′2gH/c
3 that makes the post-selection pro-
cess possible and leads to the generation of an entangled
state.
Let us note that the remaining independent quantities
are Lγ′2 , H and ∆τ . These must be chosen in such a way
that the time delays ∆τγ1γ′1 = ∆τγ2γ′2 , ∆τγ1γ′2 and ∆τγ2γ′1
can be distinguished from one another. Otherwise, the
gravitational time delay Lγ′2gH/c
3 might be too small
compared to ∆τ and the differences between time delays
can not be resolved. This might turn the post-selection
process unfeasible and would render the interferometric
array useless for the generation of two-photon entangled
states.
In absence of time delay in the detections involving
paths (γ1, γ
′
1) or (γ2, γ
′
2), that is, ∆τ = 0, the con-
ditions on the proper lengths become Lγ1 = Lγ′1 and
Lγ2 = Lγ′2 . These together with Eq. (25) imply that
Lγ1 = Lγ2 +2H. Thereby, the Mach-Zehnder interferom-
eter for paths γ1 and γ2 is balanced. Furthermore, both
Mach-Zehnder interferometers have the same characteris-
tic proper lengths. In this particular case, we have an in-
terferometric array that in single-photon and two-photon
detection exhibit the phase shift of Eq. (27) caused by a
weak gravitational field. Interestingly, the post-selection
process can still be carried out. However, if all arms of
the interferometric array are at the same gravitational
potential and the Mach-Zehnder interferometers are bal-
anced and geometrically equivalent, that is, all optical
6FIG. 2: Hugged interferometric array. A light source is
placed on a segment belonging to two Mach-Zehnder
interferometers. Light source and short (S) paths γ1
and γ′1 are located at a gravitational potential
φ(R+ ∆h). The horizontal segments of long (L) paths
γ2 and γ
′
2 are placed at a gravitational potential
φ(R+ 2∆h) and φ(R), respectively. Detectors situated
at the output ports of the interferometers are indicated
by a1,1, a1,2, a2,1 and a2,2.
paths have the same length, then the post selection pro-
cess cannot be carried out. Consequently, the generation
of an entangled state becomes impossible.
C. Hugged interferometric array
The Hugged interferometric array, depicted in Fig. 2,
has its light source placed at a gravitational potential
φ(R+∆h). Photons traveling along paths γ1 and γ
′
1 also
experience this potential. Photons traveling along the
horizontal segments of the paths γ′2 and γ2 experience
gravitational potentials φ(R + 2∆h) and φ(R), respec-
tively. Vertical segments of path γ′2 experience a contin-
uous variation of gravitational potential from φ(R+ ∆h)
to φ(R+2∆h). Vertical segments of path γ2 experience a
continuous variation of gravitational potential from φ(R)
to φ(R+ ∆h).
The proper lengths of paths γ1 and γ
′
1 and the horizon-
tal segments of paths γ2 and γ
′
2 are given by the following
expressions
Lγ1 ≈
(
1− φ(R+ ∆h)
c2
)
∆xγ1 , (32)
Lγ′1 ≈
(
1− φ(R+ ∆h)
c2
)
∆xγ′1 , (33)
Lγ2 ≈
(
1− φ(R)
c2
)
∆xγ2 , (34)
Lγ′2 ≈
(
1− φ(R+ 2∆h)
c2
)
∆xγ′2 , (35)
while the proper length of the vertical segments is given
by
H ≈
(
1− φ(R)
c2
)
∆h. (36)
The proper times for the complete paths are
∆τγ1 ≈ Lγ1/c, (37)
∆τγ′1 ≈ Lγ′1/c, (38)
∆τγ2 ≈ Lγ2
(
1 + gH/c2
)
/c+ 2H/c, (39)
∆τγ′2 ≈ Lγ′2
(
1− gH/c2) /c+ 2H/c. (40)
As in the case of the Franson array, to generate a two-
photon entangled state, we impose the condition Eq. (20),
which guarantees the indistinguishability of twin photons
traveling along paths (γ1, γ
′
1) from those traveling along
paths (γ2, γ
′
2). In terms of the proper lengths associated
to these paths, we obtain the equations
Lγ1 ≈ Lγ′1 + c∆τ, (41)
Lγ2 ≈ Lγ′2(1−
2gH
c2
) + c∆τ(1− gH
c2
). (42)
These allow us to obtain the temporal delay of twin pho-
tons propagating along paths (γ1, γ2) and (γ
′
1, γ
′
2), that
is,
∆τγ1γ2 ≈
Lγ′1
c
− Lγ′2
c
(1− gH
c2
)− 2H
c
, (43)
∆τγ′1γ′2 = ∆τγ1γ2 . (44)
We can now impose the condition Eq. (25), which re-
moves the geometric terms entering in ∆τγ1γ2 . Thereby,
we obtain
∆τγ1γ2 = ∆τγ′1γ′2 ≈
Lγ′2gH
c3
. (45)
The phase shift becomes
∆ϕ = ω∆τγ1γ2 = ω∆τγ′1γ′2 ≈
ωLγ′2gH
c3
. (46)
The elapsed time between consecutive detections at the
output ports of each Mach-Zehnder interferometer are
given by ∆τγ1γ′2 and ∆τγ′1γ2 . As before, these become
∆τγ1γ′2 ≈ ∆τ +
Lγ′2gH
c3
, (47)
∆τγ′1γ2 ≈ ∆τ −
Lγ′2gH
c3
. (48)
According to these results, Franson and Hugged interfer-
ometric arrays exhibit identical temporal delays. How-
ever, unlike the Franson array, the Hugged array does
not require the comparison among the delays to perform
the post-selection process. This is due to the fact that
twin photons propagating along paths (γ1, γ
′
2) or (γ
′
1, γ2)
lead to two detections, but in the same Mach-Zehnder
interferometer. Thereby, the size of Lγ′2gH/c
3 does not
play a role in the post-selection process.
7In the case ∆τ = 0 we have that the proper lengths
must satisfy the relations Lγ1 = Lγ′1 and Lγ2 = Lγ′2(1−
2gH/c2). Impossing the condition Lγ′1 = Lγ′2 + 2H, that
is, a balanced Mach-Zehnder interferometer for paths
(γ1, γ
′
2), we obtain that the remaining proper lengths
must satisfy the condition Lγ1 = Lγ2 + 2H+ 2Lγ2gH/c
2.
Thus, the Mach-Zehnder interferometer for paths (γ′1, γ2)
cannot be balanced.
Let us now assume that the Hugged interferometric
array is such that Lγ′1 = Lγ′2 + 2H and Lγ1 = Lγ2 +
2H hold. In this case, the difference of proper times
measured by a clock at the detectors for the photon that
moves through paths γ1 and γ2 becomes
∆τγ1γ2 ≈ −
Lγ2Hg
c3
. (49)
Analogously, for a photon that moves through paths γ′1
and γ′2 we obtain
∆τγ′1γ′2 ≈
Lγ′2Hg
c3
. (50)
There are two differences between the elapsed proper
time of the photon that propagates along paths (γ1, γ2)
with respect to the photon that moves along the paths
(γ′1, γ
′
2): the sign and the proper lengths Lγ2 and Lγ′2 .
The difference in the sign comes from the fact that pho-
tons arrive first to the detector on the right through the
path γ2 respect to a clock at R + ∆h and it will arrive
later to the detector at the left through the path γ1.
The difference between the lengths (or the proper area
A = L×H) of the horizontal segments of paths γ2 and γ′2
can be calibrated to be Lγ2 = Lγ′2 such that the Mach-
Zehnder interferometers have the same effective proper
area. Since the proper lengths Lγ2 and Lγ′2 are equal,
the previous conditions demand that Lγ1 = Lγ′1 , which
indicates that the Mach-Zehnder interferometers are bal-
anced and have the same characteristic proper lenghts.
In this case we have that ∆τγ1 = ∆τγ′1 and the tempo-
ral delay ∆τγ1γ′1 vanishes. However, the temporal delay
involving paths γ2 and γ
′
2 becomes
∆τγ2γ′2 ≈ 2
Lγ′2gH
c3
, (51)
which is twice the gravitational temporal delay entering
in ∆τγ1γ2 and ∆τγ′1γ′2 . In this case, twin photons prop-
agating along paths (γ1, γ
′
1) can be distinguished from
twin photons propagating along paths (γ2, γ
′
2) by means
of the gravitational temporal delay between detections.
Let us note that we can obtain a similar result by per-
forming an upside-down rotation in one arm of the Fran-
son array. However, the advantage of the Hugged array
comes from the fact that it lacks the post-selection loop-
hole characteristic of the Franson array [10, 18].
IV. TWO-PHOTON STATE AND DETECTION
PROBABILITIES IN FRANSON AND HUGGED
INTERFEROMETRIC ARRAYS IN A WEAK
GRAVITATIONAL FIELD
In the previous section we calculated various time de-
lays between detection events in the Franson and Hugged
interferometric arrays in the presence of a weak gravi-
tational field. In this section we calculate the effect of
temporal delays on the probability of detection between
pairs of detectors.
The light source simultaneously generates two photons
that propagate in opposite directions. We assume that
the two-photon state generated by the light source is de-
scribed by the superposition
|ψ〉 =
∫∫
dω1dω2f(ω1, ω2)a
†(ω1)a†(ω2) |0〉 , (52)
where |0〉 is the vacuum state of the electromagnetic field
and the operator a†(ωi) creates a photon that propa-
gates to the left (i = 1) or to the right (i = 2) of the
light source with frequency ωi. The spectral function
f(ω1, ω2) depends on the specific spectral properties of
the light source and satisfies the normalization condition∫∫
dω1dω2|f(ω1, ω2)|2 = 1.
On both interferometric arrays, each photon under-
goes the action of a Mach-Zehnder interferometer, which
is given by the product of operators Ubs,iUg,iUbs,i. The
operator Ubs,i represents the action of a balanced beam
splitter at input and output ports of a Mach-Zehnder
interferometer. The operator Ug,i represents the path-
dependent temporal evolution of a photon inside the in-
terferometer. The annihilation operators a(ω1) and a(ω2)
are transformed by the operators Ug,iUbs,i into the linear
combinations
1√
2
(
aγ1(ω1)e
iω1∆τγ1 + aγ2(ω1)e
iω1∆τγ2 eiφ1
)
, (53)
1√
2
(
aγ′1(ω2)e
iω2∆τγ′1 + aγ′2(ω2)e
iω2∆τγ′2 eiφ2
)
, (54)
respectively. The operator aγi (aγ′i) describes the anni-
hilation of a photon in the mode defined by path γi (γ
′
i).
In Eq. (54), the evolution operators introduce a temporal
dependence. This is given by the path-dependent proper
times ∆τγi and ∆τγ′i that are measured by a clock at
the site of the detectors. We have also considered the
controllable local phases φi. Annihilation operators aγi
and aγ′i are related with the annihilation operators ai,α,
which describe the modes after the output ports of the
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aγ1 =
1√
2
(a1,1(ω1) + a1,2(ω1)) , (55)
aγ2 =
1√
2
(a1,1(ω1)− a1,2(ω1)) , (56)
aγ′1 =
1√
2
(a2,1(ω2) + a2,2(ω2)) , (57)
aγ′2 =
1√
2
(a2,1(ω2)− a2,2(ω2)) . (58)
Thereby, the initial two-photon wave packet |ψ〉 is trans-
formed by the interferometric arrays into the state |ψ′〉 =
Ubs,1Ug,1Ubs,1Ubs,2Ug,2Ubs,2|ψ〉, which is given by
|ψ′〉 = 1
4
∫∫
dω1dω2f(ω1, ω2)
[(
a†1,1(ω1) + a
†
1,2(ω1)
)
(
a†2,1(ω2) + a
†
2,2(ω2)
)
e
−iω1∆τγ1−iω2∆τγ′1
+
(
a†1,1(ω1)− a†1,2(ω1)
)(
a†2,1(ω2) + a
†
2,2(ω2)
)
× e−iω1∆τγ2−iω2∆τγ′1 eiφ1
+
(
a†1,1(ω1) + a
†
1,2(ω1)
)(
a†2,1(ω2)− a†2,2(ω2)
)
×e−iω1∆τγ1−iω2∆τγ′2 eiφ2
+
(
a†1,1(ω1)− a†1,2(ω1)
)(
a†2,1(ω2)− a†2,2(ω2)
)
×e−iω1∆τγ2−iω2∆τγ′2 ei(φ1+φ2)
]
|0〉 . (59)
Now, we impose the indistinguishability of paths (γ1, γ
′
1)
and (γ2, γ
′
2), that is, ∆τγ1 − ∆τγ′1 = ∆τ and ∆τγ2 −
∆τγ′2 = ∆τ . After post-selection, the state leading to
detections with elapsed times of ∆τ is given by
|Ψ〉 =
√
2
4
∫∫
dω1dω2f(ω1, ω2)[(
a†1,1(ω1) + a
†
1,2(ω1)
)(
a†2,1(ω2) + a
†
2,2(ω2)
)
e
−i(ω1(∆τγ′1+∆τ)+ω2∆τγ′1 )
+
(
a†1,1(ω1)− a†1,2(ω1)
)(
a†2,1(ω2)− a†2,2(ω2)
)
e
−i(ω1(∆τγ′2+∆τ)+ω2∆τγ′2 )ei(φ1+φ2)
]
|0〉 . (60)
This state can be cast as the following coherent superpo-
sition
|Ψ〉 =
∫∫
dω1dω2f˜(ω1, ω2)|ψ〉, (61)
with the probability amplitude distribution f˜(ω1, ω2)
given by
f˜(ω1, ω2) =
1√
2
f(ω1, ω2)e
−iω1∆τei(ω1+ω2)∆τγ′1 , (62)
and the two-photon state |ψ〉 defined as
|ψ〉 = 1√
2
(|ω1, γ1〉|ω2, γ′1〉
+e
i(ω1+ω2)∆τγ′2γ′1
+i(φ1+φ2)|ω1, γ2〉|ω2, γ′2〉), (63)
where the states |ω1, γi〉|ω2, γ′i〉 describe a single photon
of frequency ω1 propagating in path γi and a single pho-
ton of frequency ω2 propagating in path γ
′
i.
Let us consider a light source free of frequency disper-
sion, that is, f(ω1, ω2) = δ(ω1 − ω¯1)δ(ω2 − ω¯2), and the
case φ1 = φ2 = 0. When all propagation paths are at
the same gravitational potential, we can consider that,
by a suitable redefinition of the gravitational potential,
∆τγ′1γ′2 vanishes. In this case, the interferometric array
generates the maximally entangled state
1√
2
(|ω¯1, γ1〉|ω¯2, γ′1〉+ |ω¯1, γ2〉|ω¯2, γ′2〉), (64)
provided that the post-selection process can be carried
out. This is the well-known state generated by the Fran-
son and Hugged interferometric arrays. The presence of a
weak gravitational field leads to a relative phase in state
|ψ〉, which does not change the amount of entanglement.
Thus, the state |Ψ〉 is a coherent superposition of maxi-
mally entangled two-photon states.
An interesting effect arises when considering a Franson
interferometric array in a gravity equipotential surface.
Moreover, we consider the case in which the two Mach-
Zehnder interferometers are balanced, that is,
∆xγ1 = ∆xγ2 + 2∆h,
∆xγ′1 = ∆xγ′2 + 2∆h, (65)
and geometrically equivalent, that is,
∆xγ1 = ∆xγ′1 and ∆xγ2 = ∆xγ′2 . (66)
In this case, the four possible combinations of paths have
exactly the same length and consequently it is not pos-
sible to distinguished among them. Therefore, the array
only generates a separable state. We can, however, ro-
tate the array in such a way that the arms experience
different gravitational potentials but the Mach-Zehnder
interferometers stay balanced and geometrically equiva-
lent with respect to the proper lengths. This is ensured
by our choice of the Schwarzschild metric in isotropic co-
ordinates. In this case we have that ∆τ vanishes and the
gravitational time delays become ∆τγ1γ′2 = Lγ′2gH/c
3 =
−∆τγ2γ′1 . Thereby, the gravitational time delays do not
vanish, the post-selection process is still possible, and
the array generates a maximally entangled state. In this
particular case, the presence of a weak gravitational field
makes possible the generation of a maximally entangled
state.
In case of the Hugged interferometric array, if we con-
sider the constraints Eqs. (65) and (66), the arrival times
to each detector are identical for all paths in the array.
However, it is still possible to generate an entangled state.
This is due to the fact that the post-selection procure is
local. Since the two paths in each Mach-Zehnder inter-
ferometer have equal length both photons coalesce and
are detected at the same detector. In this case we can
discard this class of events. Coincidence detections at
different Mach-Zehnder interferometers are described by
9a maximally entangled. This corresponds to the super-
position of two orthogonal states, each one describing
macroscopically distinguishable propagation paths.
An up-side rotation of a Hugged interferometric ar-
ray that obeys the constraints Eq. (65) leads to proper
lengths satisfying the equations
Lγ1 ≈ Lγ′1 , (67)
Lγ2 ≈
(
1 + 2gH/c2
)
Lγ′2 . (68)
Then, for the temporal delay along each path we have
that
∆τγ1 −∆τγ′1 = 0, (69)
∆τγ2 −∆τγ′2 = 4gLγ′2H/c3. (70)
Thereby, photons propagating through the paths (γ1, γ
′
1)
are detected in coincidence. Photons propagating
through the paths (γ2, γ
′
2) are detected with a time delay.
In this case we can distinguish between photons propa-
gating through paths (γ1, γ
′
1)paths or paths (γ2, γ
′
2). In
absence of frequency dispersion, according Eq. (63), the
array still generates a maximally entangled state. The
condition Eq. (66), for geometrically equivalent Mach-
Zehnder interferometers in the absence of difference of
gravitational potential between each path of the array,
lead us to the following constraint on the proper lengths
when we rotate the array
Lγ1 = Lγ2
(
1− gH/c2)+ 2H,
Lγ′1 = Lγ′2
(
1 + gH/c2
)
+ 2H. (71)
Temporal delays becomes
∆τγ1,γ2 = −2gHLγ′2/c3, (72)
∆τγ′1,γ′2 = 2gHLγ′2/c
3. (73)
For photons that propagate in the same Mach-Zehnder
interferometer the temporal delays become
∆τγ1,γ′2 = 2gHLγ′2/c
3,
∆τγ′1,γ2 = −4gHLγ′2/c3. (74)
Consequently, it is now possible to detect two photons at
different output ports of the same Mach-Zehnder inter-
ferometer.
Unfortunately, in presence of frequency dispersion and
when the detection process is carried out with detectors
that do not resolve frequency, the amount of entangle-
ment is reduced. Thereby, Franson and Hugged inter-
ferometric arrays generate in presence of a weak gravita-
tional field and frequency dispersion a partially entangled
state. In this scenario, a non maximal violation of the
CHSH inequality is to be expected.
The effect of frequency dispersion can be best seen in
the detection probabilities. In order to calculate the two-
photon elapsed time detection probabilities we assume
that the detectors are insensitive to the frequency of the
photons. Thereby, the action of the detectors is modeled
by means of the projection operators
P̂i,α =
∫
dωa†i,α(ω) |0〉 〈0| ai,α(ω), (75)
where α = 1, 2 denote the detectors at the output ports
of the Mach-Zehnder interferometer to the left (i = 1) or
to the right (i = 2). The probability for a detection at
detector (1, α) and a detection at detector (2, α′) is given
by
pαα′ = 〈Ψ| P̂1,αP̂2,α′ |Ψ〉 , (76)
which becomes
pαα′ =
1
4
(
1− (−1)δαα′
∫
dω1dω2|f(ω1, ω2)|2
cos(ω1∆τγ1γ2 + ω2∆τγ′1γ′2 + φ1 + φ2)
)
. (77)
This turns out to be independent of the elapsed detection
time ∆τ . It is, however, a function of the gravitational
time delays ∆τγ1γ2 and ∆τγ′1γ′2 , which are coupled trough
the frequency of the photons to the frequency dispersion.
In the case that all arms of the interferometric arrays
are at the same gravitational potential, the gravitational
time delays vanish and the elapsed detection time can be
set to zero. Thereby, the probability pαα′ becomes
pαα′ =
1
4
(
1− (−1)δαα′ cos(φ1 + φ2)
)
, (78)
which is the known coincidence probability of the Franson
and Hugged interferometric arrays.
Assuming that the distribution of frequencies for each
photon is gaussian, that is, f(ω1, ω2) = f1(ω)f2(ω) with
fi(ω) =
1
σi
√
2pi
e
− 1
2σ2
i
(ω−ωi)2
, (79)
where σi and ωi are the width and the mean value of
the gaussian distribution, respectively, we can solve the
integral entering in pαα′ to obtain
pαα′ =
1
4
(
1− (−1)δαα′V (∆τγ1γ2 ,∆τγ′1γ′2)
cos
[
∆τγ1γ2ω1 + ∆τγ′1γ′2ω2 + φ1 + φ2
])
,
(80)
where
V (∆τγ1γ2 ,∆τγ′1γ′2) = exp
[
−1
4
(
∆τ2γ1γ2σ
2
1 + ∆τ
2
γ′1γ
′
2
σ22
)]
(81)
is the interferometric visibility of the two-photon detec-
tion process. A further simplification can be obtained by
setting σ1 = σ2 = σ and recalling that
∆τγ1γ2 = ∆τγ′1γ′2 = ∆τγ ≈ 2
Lγ′2gH
c3
. (82)
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Thereby, we finally obtain for the two-photon elapsed
time detection probability the expression
pαα′ =
1
4
(
1− (−1)δαα′V (∆τγ)
cos [∆τγ(ω1 + ω2) + φ1 + φ2]) ,
(83)
with
V (∆τγ) = e
−∆τ
2
γσ
2
2 . (84)
We can identify two different regimes. If the condition
∆τγσ  1 holds, then the visibility is nearly maximal
and the probability for elapsed detection oscillates har-
monically according to the total phase shift given by
∆τγ(ω1 +ω2). In the opposite regime, that is, ∆τγσ  1,
the exponential decay of the visibility dominates and the
harmonic oscillation tends to vanish. In this case, the
exponential decay does not depend on the frequencies ω1
and ω2, but on the gravitational time delay and the width
of the frequency distribution.
In the case that the gravitational temporal delay be-
comes negligible, i.e., ∆τγ → 0, the probability of detec-
tion becomes pij =
1
4
(
1− (−1)δij cos(φ1 + φ2)
)
, which
is the known detection probability of the Franson and
Hugged interferometric arrays.
In Fig. 3 we display the behavior of the elapsed time
detection probability pαα according to Eq. (83) as a func-
tion of the product A = Lγ′2H for three different values
of the width of the gaussian wave packets. As is appar-
ent from the figure, the larger frequency dispersion the
stronger is the damping of the harmonic oscillation.
Let us now assume a balanced Hugged interferometric
array and frequency distributions with equal means, that
is, ω1 = ω2. In this case we have that the temporal delays
entering in Eq. (83) are given by ∆τγ1γ2 = −∆τγ′1γ′2 ≈
−Lγ2Hg/c3. Consequently, the elapsed time two-photon
detection probability becomes
pαα′ =
1
4
(
1− (−1)δαα′V (∆τγ) cos(φ1 + φ2)
)
. (85)
Thereby, the oscillatory behavior is no longer dictated
by the gravitational temporal delay. The influence of a
weak gravitational field manifests itself as a decrease in
the visibility of pαα′ only.
In Fig. 4 we display the elapsed time detection prob-
ability of a balanced Hugged interferometric array, ac-
cording Eq. (85), considering nearly equal frequencies ω1
and ω2. In this case the harmonic oscillation is almost
suppressed and probability is mainly dominated by the
exponential decay, which is a function of the product
between the gravitational time delay and the width of
the gaussian wave packets. In a single Mach-Zehnder
interferometer in presence of a weak gravitational field
and frequency dispersion, the detection probability also
is given by the exponential decay of a harmonic oscilla-
tion. In this case, however, it is not posible to isolate the
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FIG. 3: Elapsed time detection probability pαα′ ,
according Eq. (83), for Franson and Hugged
interferometric arrays as a function of the proper area
A = Lγ′2H with φ1 = φ2 = 0, ω1 = 4× 1015 Hz,
ω2 = 5× 1015 Hz, σ = 0.3 PHz (purple dashed line),
σ = 1.4 PHz (red dot-dashed line), and σ = 3 PHz (blue
continuous line).
exponential decay as in the case of a balanced Hugged
interferometric array.
The elapsed time detection probability pαα′ is a func-
tion of the gravitational time dilation. However, this re-
sult cannot be interpreted as a genuine test of the General
Relativity. A similar result can be obtained by consider-
ing light propagating in a Mach-Zehnder interferometer
( see appendix D), where the spacetime is assumed to be
flat and photons are coupled to the Newtonian gravita-
tional potential provided that one considers an effective
mass equal to the photon energy divided by c2, as for a
massive particle. The exponential decrease of the visibil-
ity is also introduced in this case by means of frequency
dispersion. The previous situation is similar to the case
of the prediction of the gravitational redshift, which at
the lowest order can also be obtained in the same way,
since both effects are consequences of the gravitational
time dilation. Furthermore, these effects are only sen-
sitive to the first correction to the temporal component
of the metric, and therefore do not depend, to the order
of approximation here considered, e.g., on the γ and β
post-Newtonian parameters (see for instance [15]).
V. CHSH INEQUALITY
In this section we calculate the value of the functional
Σ of Eq. (5) considering the gravitational time delay af-
fecting the Franson and Hugged interferometric arrays
and frequency dispersion.
Employing the elapsed time detection probability pαα′ ,
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FIG. 4: Elapsed time detection probability pαα′ ,
according Eq. (85), for a balanced Hugged
interferometric array as a function of the proper area
A = Lγ′2H with φ1 = φ2 = 0, ω1 = 4× 1015 Hz,
ω2 = 5× 1015 Hz, σ = 0.3 PHz (purple dashed line),
σ = 1.4 PHz (red dot-dashed line), and σ = 3 PHz (blue
continuous line).
Eq. (B12), the expectation value E(φ1, φ2) of the di-
chotomic observable defined by phases φ1 and φ2 becomes
E (φ1, φ2) =
∫
dω1dω2 |f (ω1, ω2)|2
cos
[
ω1∆τγ1,γ2 + ω2∆τω′1,ω′2 + φ1 + φ2
]
.
(86)
The resting expectation values are obtained by changing
the value of the local phases. The CHSH functional Σ
can then be cast as
Σ =
∣∣∣∣∫ dω1dω2 |f (ω1, ω2)|2 [cos (ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2)
× [cos (φ1 + φ2) + cos (φ1 + φ′2)
+ cos (φ′1 + φ2)− cos (φ′1 + φ′2)]
− sin (ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2)
× [sin (φ1 + φ2) + sin (φ1 + φ′2)
+ sin (φ′1 + φ2)− sin (φ′1 + φ′2)]
∣∣∣∣∣. (87)
Assuming the gaussian frequency distribution given by
Eq. (79) for each twin photon generated by the light
source, we obtain
Σ = e
− 14
(
∆τ2γ1,γ2
σ21+∆τ
2
γ′1,γ′2
σ22
)
×
∣∣∣∣∣ {cos (ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2)
× [cos (φ1 + φ2) + cos (φ1 + φ′2) + cos (φ′1 + φ2)
− cos (φ′1 + φ′2)]
− sin (ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2)
× [sin (φ1 + φ2) + sin (φ1 + φ′2) + sin (φ′1 + φ2)
− sin (φ′1 + φ′2)]}
∣∣∣∣∣. (88)
Finally, by choosing the local phases as in the case of
a maximally entangled Bell state, i.e., (φ1, φ2, φ
′
1, φ
′
2) =
(pi/4, 0,−pi/4,−pi/2), the CHSH functional Σ becomes
Σ = 2
√
2e
− 14
(
∆τ2γ1,γ2
σ21+∆τ
2
γ′1,γ′2
σ22
)
| cos (ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2) |, (89)
or equivalently
Σ = 2
√
2|4pαα − 1|, (90)
with φ1 = φ2 = 0. For a Franson or a Hugged interfero-
metric array fulfilling the indistinguishability condition,
the CHSH functional adopts the following form
Σ = 2
√
2e−
1
4 ∆τ
2
γ(σ
2
1+σ
2
2) |cos (∆τγ(ω1 + ω2))| . (91)
Figure (5) illustrates the behaviour of the CHSH func-
tional Σ of Eq. (91) in terms of the proper area A = Lγ′2H
and the width of the wave packet σ, where we have as-
sumed σ1 = σ2 = σ. When the arms of the Franson or
Hugged interferometric arrays are at the same gravita-
tional potential, the functional Σ leads to a maximum
value of 2
√
2, which is a violation of the CHSH inequal-
ity. However, in the presence of a weak gravitational field
together with frequency dispersion, the CHSH functional
Σ exhibits a harmonic behavior with an amplitud that is
exponentially damped. As soon as the proper area A is
larger than A∗ =
√
ln 2c3/(gσ), it is not possible to vio-
late the CHSH inequality. Let us note that the value of
the upper bound A∗ is proportional to σ−1 and, conse-
quently, an increase of σ implies that CHSH inequality
will be violated in a narrower interval of proper area.
Within this interval, the functional Σ oscillates between
values of A which violate or not the CHSH inequality.
The oscillatory behavior displayed by the functional
Σ can be suppressed in the case of a balanced Hugged
interferometric array, where we obtain
Σ = 2
√
2e−
1
4 ∆τ
2
γ(σ
2
1+σ
2
2) |cos (∆τγ(ω1 − ω2))| . (92)
Clearly, the choice ω1 = ω2 eliminates the harmonic be-
havior. This is illustrated in Fig. 6 for slightly differ-
ent values of ω1 and ω2. A similar result can be ob-
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FIG. 5: Value of functional Σ for Franson and Hugged
interferometric arrays as a function of the proper area
A = Lγ′2H and σ, according Eq. (91), for
(φA, φB , φA′ , φB′) = (pi/4, 0,−pi/4,−pi/2), ω1 = 4× 1015
Hz, and ω2 = 5× 1015 Hz.
tained without constraining the values of the frequen-
cies. In order to do this the local phases can be mea-
sured with respect to the temporal delays for each pho-
ton along each path in the interferometric arrays, that
is, φa = ϕa − ω1∆τγ1,γ2 and φb = ϕb − ω1∆τγ′1,γ′2 (with
a, b = 1, 2), where ϕa and ϕb are chosen such as the dif-
ference between these local phases and the gravitational
time delays correspond to the optimal values of the local
phases to maximally violate the CHSH inequality. In this
case the CHSH inequality becomes
Σ = e
− 14
(
∆τ2γ1,γ2
σ21+∆τ
2
γ′1,γ′2
σ22
)
[cos (ϕ1 + ϕ2)
+ cos (ϕ1 + ϕ
′
2) + cos (ϕ
′
1 + ϕ2)− cos (ϕ′1 + ϕ′2)] .
(93)
Considering the optimal local phases (ϕ1, ϕ2, ϕ
′
1, ϕ
′
2) =
(pi/4, 0,−pi/4,−pi/2) the CHSH function (93) becomes
Σ = 2
√
2e
− 14
(
∆τ2γ1,γ2
σ21+∆τ
2
γ′1,γ′2
σ22
)
, (94)
which holds for Franson and Hugged interferometric ar-
rays. The previous expression exhibits the exponential
decay without the harmonic modulation. This, without
requiring a balanced Hugged interferometric array or con-
straining the frequencies of the twin photons.
Franson and Hugged interferometric arrays are con-
figured on a gravity equipotential surface to achieve the
maximal value 2
√
2 of the functional Σ allowed by the
laws of Quantum Mechanic [16, 17], which entails a
violation of the CHSH inequality. The presence of a
weak gravitational field affecting the propagation paths
in Franson and Hugged interferometric arrays introduces
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FIG. 6: Value of functional Σ for a balanced Hugged
interferometric array as a function of the proper area
A = Lγ′2H, according Eq. (91), for
(φA, φB , φA′ , φB′) = (pi/4, 0,−pi/4,−pi/2), ω1 = 4× 1015
Hz, ω2 = 5× 1015 Hz, σ = 0.3 PHz (purple dashed line),
σ = 1.4 PHz (red dot-dashed line), and σ = 3 PHz (blue
continuous line).
a gravitational time delay. Thereby, simultaneously gen-
erated twin photons arrive to detectors at different times.
This, however, does not preclude the generation of max-
imally entangled states or the violation of the CHSH in-
equality. This scenario changes abruptly if we allow for
a light source exhibiting frequency dispersion. Assum-
ing detectors that do not resolve frequency, the detection
probabilities must be averaged over the two-photon fre-
quency distribution of the source. This leads to a loss of
the two-photon interferometric visibility, which is char-
acterized by the exponential decay of the detection prob-
abilities with the characteristic proper area of the Mach-
Zehnder interferometers. This, in turns, leads to a func-
tional Σ characterized by the same exponential decay.
Consequently, for Hugged and Franson interferometric
arrays in presence of a weak gravitational field, the value
achieved by the functional Σ might become smaller than
the classically allowed upper bound of 2.
In the Newtonian limit, there is no difference of proper
time in the arrival of the photon to the detectors. Then,
the CHSH inequality only exhibits a harmonic behavior,
which resembles the optical COW experiment [19] that
involves a single Mach-Zehnder interferometer.
So far, we have considered a quantum description of
the light propagated inside the interferometric arrays. In-
stead, if we consider a classical description of the light,
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then the functional Σ adopts the form
Σclass = 2
√
2
4
e
− 14
(
∆τ2γ1,γ2
σ21+∆τ
2
γ′1,γ′2
σ22
)
∣∣∣∣∣ cos (ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2)
∣∣∣∣∣, (95)
which can never exceed the classical bound of 2.
VI. CONCLUSIONS
We have studied the influence of a weak gravitational
field on the generation of two-photon energy-time entan-
gled states by means of large scale Franson and Hugged
interferometric arrays. In absence of gravity, two simul-
taneously generated photons can be detected in coinci-
dence, which indicates propagation along optical paths of
equal length, or separated by a time interval, which indi-
cates propagation along optical paths of different length.
Simultaneously detected photons are described by a max-
imally entangled state given by the superposition of
separable, mutually orthogonal states that describe the
propagation of two photons along optical paths of equal
lengths. Time dilation caused by the gravitational field
introduces phase shifts in the two-photon detection prob-
abilities such that a maximally entangled state becomes
associated to elapsed time detections. The phase shift is
given by the gravitational time delay times photon fre-
quency. Consequently, the elapsed time detection prob-
abilities become cosine functions of the frequency of the
photons generated by the light source. This is not a prob-
lem as long as the light source is monochromatic. Oth-
erwise, if the light source exhibits frequency dispersion,
the amplitud of the harmonic oscillation, characteristic
of the elapsed time detection probabilities, decreases ex-
ponentially. In other words, the two-photon interference
visibility of the arrays is reduced. This loss of visibility
affects the generated two-photon state in such a way that
the CHSH inequality cannot be violated if the proper area
A of the Mach-Zehnder interferometers is larger than or
equal to A∗ =
√
ln 2c3/(gσ), in which case the quantum
state can be replaced by a classical theory. Thus, Franson
and Hugged interferometric arrays with A < A∗ generate
entangled states.
An interesting finding is that gravity can help to gen-
erate an entangled state. If we consider a Franson in-
terferometric array placed in gravity equipotential sur-
face and assume that its Mach-Zehnder interferometers
are balanced and geometrically identical, then all optical
paths have the same length. Thereby, it is not possible
to distinguish among pairs of paths since they are all as-
sociated to coincidence detections. In this case it is not
possible to create an entangled state. If we rotate the in-
terferometric array, in such a way that the arms of the in-
terferometers are at different gravitational potential and
the Mach-Zehnder interferometers stay balanced and ge-
ometrically identical, then photons following paths at dif-
ferent gravitational potential experience a gravitational
time delay. This leads to an elapsed time between de-
tections. Photons following paths at equal gravitational
potential are still detected in coincidence. Thereby, it is
possible to distinguish among trajectories, perform the
post-selection, and generate a maximally entangled state.
In this scenario we state that a weak gravitational field
allows to generate a maximally entangled state.
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Appendix A: Phase shift in a Hugged
interferometric array
Here we describe the phase shift produced in a Hugged
interferometer. We first calculate the difference of the
proper time for the paths γ1 and γ2. The expression for
the other paths is obtained in a similar way. For the path
γ1
∆tγ1 =
(
1− 2φ(R+ ∆h)
c2
)
∆xγ1
c
≈
(
1− φ(R+ ∆h)
c2
)
Lγ1
c
.
(A1)
For the path γ′1
∆tγ′1 ≈
(
1− φ(R+ ∆h)
c2
)
Lγ′1
c
. (A2)
For the horizontal part of the γ2 path we have
∆tHγ2 =
(
1− 2φ(R)
c2
)
∆xγ2
c
≈
(
1− φ(R)
c2
)
Lγ2
c
. (A3)
The coordinate time of the vertical part of γ2 path is
given by
∆tVγ2 =
1
c
∫ R+∆h
R
(
1− 2φ(r)
c2
)
dr
≈ 1
c
∫ R+∆h
R
(
1− 2φ(R)
c2
− 2gr
)
dr
≈ ∆h
c
(
1− 2φ(R)
c2
)
≈ H
c
(
1− φ(R)
c2
)
. (A4)
This is similar to the temporal coordinate for the vertical
part of path γ′2. The coordinate time for the horizontal
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part of γ′2 is
∆tHγ′2 =
(
1− 2φ(R+ 2∆h)
c2
)
∆xγ′2
c
≈
(
1− φ(R+ 2∆h)
c2
)
Lγ′2
c
. (A5)
The interval of proper time for the path γ1 becomes
∆τγ1 =
(
1 +
φ(R+ ∆h)
c2
)
∆tγ1
≈
(
1 +
φ(R+ ∆h)
c2
)(
1− φ(R+ ∆h)
c2
)
Lγ1
c
≈ Lγ1
c
. (A6)
Analogously, for γ′1 path we have
∆τγ′1 ≈
Lγ′1
c
. (A7)
For γ2 path we obtain
∆τγ2 ≈
(
1 +
φ(R+ ∆h)
c2
)(
∆tHγ2 + 2∆t
V
γ2
)
≈
(
1 +
φ(R+ ∆h)
c2
)((
1− φ(R)
c2
)
Lγ2
c2
+2
(
1− φ(R)
c2
)
H
c
)
≈
(
1 +
g∆h
c2
)
Lγ′2
c
+
2H
c
(
1 +
g∆h
c2
)
≈
(
1 +
gH
c2
)
Lγ2
c
+
2H
c
, (A8)
whre we have used that ∆h ≈ H(1 + φ(R)/c2) and an
approximation to order O(H2). Analogously, for the in-
terval of proper elapsed time along the γ′2 path
∆τγ′2 ≈
(
1 +
φ(R+ ∆h)
c2
)(
∆tHγ′2 + 2∆t
V
γ′2
)
≈
(
1 +
φ(R+ ∆h)
c2
)((
1− φ(R+ 2∆h)
c2
)
Lγ′2
c2
+2
(
1− φ(R)
c2
)
H
c
)
≈
(
1− gH
c2
)
Lγ′2
c
+
2H
c
. (A9)
Therefore, the difference of arrival time is
∆τγ1,γ2 = ∆τγ1 −∆τγ2
≈ Lγ1
c
− Lγ2
c
(
1 +
gH
c2
)
− 2H
c
≈ Lγ′2gH
c3
, (A10)
where we have used the following constraints Lγ1 ≈
Lγ′1 + c∆τ , Lγ2 ≈ Lγ′2
(
1− 2gH/c2) + c∆τ (1− gH/c2)
and Lγ′1 = Lγ′2 + 2H.
Appendix B: Probability of detection for Franson
and Hugged interferometric arrays
In this appendix we obtain the various detection prob-
abilities and the CHSH inequality for the Franson and
Hugged interferometric arrays. We consider the bipar-
tite state of Eq. (52). The evolution of the operators in
the first beam-splitter is given by
a0(ω1) =
1√
2
(
aγ1(ω1)e
iω1∆τγ1 + bγ2(ω1)e
iω1∆τγ2 eiφ1
)
,
(B1)
a0(ω2) =
1√
2
(
aγ′1(ω2)e
iω2∆τγ′1 + bγ′2(ω2)e
iω2∆τγ′2 eiφ2
)
,
(B2)
where γi and γ
′
i denote a possible path for each particle in
the interferometric array, ∆τi is the corresponding proper
time, measured by a clock at the detectors, and φj are
the manipulable local phases of the interferometer. After
crossing the first set of beam splitters, the two-photon
state is given by
|Ψ〉 = 1
2
∫ ∫
dω1dω2f(ω1, ω2)
[
a†γ1(ω1)e
−iω1∆τγ1
+b†γ2(ω1)e
−iω1∆τγ2 e−iφ1
][
a†γ′1(ω2)e
−iω2∆τγ′1 + b†γ′2(ω2)e
−iω2∆τγ′2 e−iφ2
]
|0〉1,2 .
(B3)
To obtain an entangled state we should have indis-
tinguishability between a pair of photons propagating
through paths γ1 and γ
′
1 or paths γ2 and γ
′
2. Consid-
ering the conditions expressed in section (III) to obtain
the indistinguishability in the detection events, we select
the events that arrive with a difference ∆τ to each detec-
tor and discard the events that arrive with a difference
∆τγ1,γ′2 and ∆τγ′1,γ2 . The annihilation operators repre-
senting the action of the last set of beam splitters can be
written as
aγ1 =
1√
2
(a1,1(ω1) + a1,2(ω1)) , (B4)
bγ2 =
1√
2
(a1,1(ω1)− a1,2(ω1)) , (B5)
aγ′1 =
1√
2
(a2,1(ω2) + a2,2(ω2)) , (B6)
bγ′2 =
1√
2
(a2,1(ω2)− a2,2(ω2)) . (B7)
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Thereby, the two-photon state becomes
|ψ〉 = 1
4
∫ ∫
dω1dω2f(ω1, ω2)
[(
a†1,1(ω1) + a
†
1,2(ω1)
)
(
a†2,1(ω2) + a
†
2,2(ω2)
)
e
−iω1∆τγ1−iω2∆τγ′1
+
(
a†1,1(ω1)− a†1,2(ω1)
)(
a†2,1(ω2) + a
†
2,2(ω2)
)
× e−iω1∆τγ2−iω2∆τγ′1 eiφ1
+
(
a†1,1(ω1) + a
†
1,2(ω1)
)(
a†2,1(ω2)− a†2,2(ω2)
)
×e−iω1∆τγ1−iω2∆τγ′2 eiφ2
+
(
a†1,1(ω1)− a†1,2(ω1)
)(
a†2,1(ω2)− a†2,2(ω2)
)
×e−iω1∆τγ2−iω2∆τγ′2 ei(φ1+φ2)
]
. (B8)
In order to carry out the post-selection process, we apply
the conditions to enforce indistinguishability. With these
conditions the proper time becomes ∆τγ1 = ∆τγ′1 + ∆τ
and ∆τγ2 = ∆τγ′2 + ∆τ . Thereby, we select the events
that occurs with a difference of ∆τ . Thus, the normalized
state that describes these events is given by
|Ψ〉 =
√
2
4
∫ ∫
dω1dω2f(ω1, ω2)[(
a†1,1(ω1) + a
†
1,2(ω1)
)(
a†2,1(ω2) + a
†
2,2(ω2)
)
e
−i(ω1(∆τγ′1+∆τ)+ω2∆τγ′1 )
+
(
a†1,1(ω1)− a†1,2(ω1)
)(
a†2,1(ω2)− a†2,2(ω2)
)
e
−i(ω1(∆τγ′2+∆τ)+ω2∆τγ′2 )ei(φ1+φ2)
]
|0〉1,2.
(B9)
In this case ∆τ generates a global phase and consequently
the probability of detection becomes independent of ∆τ .
It is interesting to note that the state obtained applying
the conditions of indistinguishability can be understood
as a state been seeing by two different clocks (they could
be at different location experiencing a different gravita-
tional potential between them). Then, we could generate
an entangled state even when the detectors are placed at
different gravitational potentials.
To calculate the probability of detection we define four
projectors
P̂i,α =
∫
dωa†i,α(ω) |0〉 〈0| ai,α(ω), (B10)
where α = 1, 2 denotes the output port at each Mach-
Zehnder interferometer, and i = 1, 2 denotes the Mach-
Zehnder interferometer at left (1) or at right (2), respec-
tively. The probability to detect a photon at output port
α at the Mach-Zehnder interferometer i = 1 and a pho-
ton at output port α′ at the Mach-Zehnder interferom-
eter i = 2 is given by pα,α′ = Tr[|Ψ〉〈Ψ|P̂1,α ⊗ P̂2,α′ ] =
〈Ψ|P̂1,α ⊗ P̂2,α′ |Ψ〉. Thus, we have
pαα′ =
1
8
∫
dω′1dω
′
2dω1dω2f(ω
′
1, ω
′
2)
∗f(ω1, ω2)
δ (ω1 − ω′1) δ (ω2 − ω′2)[
e
i(ω1−ω′1)(∆τγ′1+∆τ)+i(ω2−ω
′
2)∆τγ′1
−(−1)δαα′ ei(φ1+φ2)
e
i
(
ω1(∆τγ′1
+∆τ)−ω′1(∆τγ′2+∆τ)+ω2∆τγ′1−ω
′
2∆τγ′2
)
−(−1)δαα′ e−i(φ1+φ2)
e
−i
(
ω1(∆τγ′1
+∆τ)−ω′1(∆τγ′2+∆τ)+ω2∆τγ′1−ω
′
2∆τγ′2
)
+e
i(ω1−ω′1)(∆τγ′2+∆τ)+i(ω2−ω
′
2)∆τγ′2
]
=
1
4
(
1− (−1)δαα′
∫
dω1dω2|f(ω1, ω2)|2
cos
(
ω1 (∆τγ1 −∆τγ2) + ω2
(
∆τγ′1 −∆τγ′2
)
+ (φ1 + φ2))) .
(B11)
Defining ∆τγ2,γ1 = ∆τγ2 − ∆τγ1 as the difference of
proper time between paths γ1 and γ
′
1, the probability
of detection Eq. (B11) becomes
pαα′ =
1
4
(
1− (−1)δαα′
∫
dω1dω2|f(ω1, ω2)|2
cos
(
ω1∆τγ1,γ2 + ω2∆τγ′1,γ′2 + (φ1 + φ2)
))
.
(B12)
Appendix C: Phase shift of an electric field in a
Mach-Zehnder interferometer
Consider a Mach-Zehnder interferometer under a dif-
ference of gravitational potential between its arms. A
classical electric field enters the interferometer and it is
splitted in two waves after passing the first beam-splitter.
The phase shift considered here is the same as in the pre-
vious section.
Consider a time-dependent electric field Ei = Ei(ω, t).
We assume that for the electric field the local phases ac-
quired in each path are given by eiφ, and that in each
path of the interferometers the electric field has a tem-
poral delay ∆τ . The field after passing the first beam
splitter is
Ebs =
1√
2
[
Ei(ω, t+ ∆τγ1) + iEi(ω, t+ ∆τγ2)e
iφA
]
,
(C1)
and after the second beam splitter we have
Eout =
1
2
[
(Ei(t+ ∆τγ1)− Ei(t+ ∆τγ2)e−iφA)
i(Ei(t+ ∆τγ1) + Ei(t+ ∆τγ2)e
−iφA)
]
.
(C2)
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The field intensities at each detector are
IA1 ∝
1
4
[|Ei(t+ ∆τγ1)|2 + |Ei(t+ ∆τγ2)|2
− Ei(t+ ∆τγ1)E∗i (t+ ∆τγ2)e−iφA − c.c.
]
,
(C3)
IA2 ∝
1
4
[|Ei(t+ ∆τγ1)|2 + |Ei(t+ ∆τγ2)|2
+ Ei(t+ ∆τγ1)E
∗
i (t+ ∆τγ2)e
−iφA + c.c.
]
.
(C4)
The detetction probability can be expressed as pAi =
IAi/I0, where I0 is the initial intensity that enters into
the interferometer. Then, the probabilities of detection
at both outputs ports are
pA1 =
1
4
[ 〈|Ei(t+ ∆τγ1)|2〉
〈|Ei(t)|2〉 +
〈|Ei(t+ ∆τγ2)|2〉
〈|Ei(t)|2〉
− 〈Ei(t+ ∆τγ1)E
∗
i (t+ ∆τγ2)e
−iφA〉
〈|Ei(t)|2〉 − c.c.
]
,
(C5)
and
pA2 =
1
4
[ 〈|Ei(t+ ∆τγ1)|2〉
〈|Ei(t)|2〉 +
〈|Ei(t+ ∆τγ2)|2〉
〈|Ei(t)|2〉
+
〈Ei(t+ ∆τγ1)E∗i (t+ ∆τγ2)e−iφA〉
〈|Ei(t)|2〉 + c.c.
]
.
(C6)
Let us now consider a time-dependent electric field E(t)
that has a Fourier transform
E(t) =
∫ ∞
−∞
E˜(ν)e−2piiνtdν, (C7)
where E˜(ν) is the inverse Fourier transform. For a
electric field moving along path γi is E(t + ∆τγi) =∫∞
−∞ E˜(ν)e
−2piiνte−2piiν∆τγidν, therefore the input inten-
sity is
〈|E(t)|2〉 = lim
T→∞
1
T
∫ ∞
−∞
|E˜(ν)|2dν. (C8)
The temporal average of the electric field propagating
along γ1 and γ2 is
〈|Ei(t+ ∆τγ1)|2〉 = lim
T→∞
1
T
∫ ∞
−∞
|E˜(ν)|2dν. (C9)
The interference term
〈Ei(t+ ∆τγ1)E∗i (t+ ∆τγ2)e−iφA〉 =
1
T
∫ ∞
−∞
|E˜(ν)|2
×e2piiν(∆τγ1−∆τγ2 )e−iφA .
(C10)
Thus, the probabilities Eqs. (C5) and (C6) are
pA1 =
1
2
[
1−
∫∞
−∞ dν|E˜(ν)|2 cos (2piν∆τγ2,γ1 + φA)∫∞
−∞ |E˜(ν)|2dν
]
,
(C11)
pA2 =
1
2
[
1 +
∫∞
−∞ dν|E˜(ν)|2 cos (2piν∆τγ2,γ1 + φA)∫∞
−∞ |E˜(ν)|2dν
]
.
(C12)
Considering a Gaussian distribution as in Eq. (79), the
probabilities of Eqs. (C11) and (C12) become
pA1 =
1
2
[
1− e−(∆τγ2,γ1σ/2)2 cos (2piiν0 + φA)
]
,
(C13)
pA2 =
1
2
[
1 + e−(∆τγ2,γ1σ/2)
2
cos (2piiν0 + φA)
]
.
(C14)
Appendix D: Coupling between photon and a
newtonian gravitational potential
Here we describe the effect of the coupling between the
energy of a single photon and the gravitational potential.
We consider a Mach-Zehnder interferometer with a differ-
ence of gravitational potential between its arms. For this
case, we consider a single photon that exhibits disper-
sion in frequency and that acquires a phase shift in each
path. The phase shift is ϕγi = Ephotonφ(r)∆T/(h¯c
2),
where Ephoton = h¯ω.
The evolution of the annihilation operator inside the
Mach-Zehnder interferometer is given by
abs(ω) =
1√
2
(
a(ω)eiϕγ1 (ω) + b(ω)eiϕγ2 (ω)
)
. (D1)
The state of the photon at the out-ports of the Mach-
Zehnder interferometer is given by
|Ψ〉out = 1
2
∫
dωf(ω)
[(
c†(ω) + d†(ω)
)
e−iϕγ1 (ω)(
c†(ω)− d†(ω)) e−iϕγ2 (ω)] |0〉, (D2)
where c and d denote the detectors where the photon
arrives. The probability of detection at detectors c or d
is given by
p± =
1
2
(
1±
∫
dω|f(ω)|2 cos (ϕγ2 − ϕγ1)
)
, (D3)
respectively. The phase shift is ∆ϕ = ϕγ2 − ϕγ1 ≈
ωg∆h∆t/c2. Considering ∆t = ∆x/c, where ∆x is the
horizontal length of the path, we obtain that ∆ϕ =
ωg∆h∆x/c3. This result is similar to the phase shift
for photons in a Mach-Zehnder interferometer but con-
sidering the weak field limit of the General Relativity.
Considering a Gaussian distribution for the dispersion of
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the frequency, as in Eq. (79), the probabilities of detec-
tion become
p± =
1
2
(
1± e− (g∆h∆tσ)
2
4c4 cos
(
ωg∆h∆t
c2
))
. (D4)
In this equation we have a non-maximal visibility that
could be explaining without the notion of proper time.
The coupling between the energy of the photon and the
Newtonian gravitational potential generates two effects
in the probability of detection: a phase shift and a drop
in the interferometric visibility. Thereby, assigning an ef-
fective mass to the photon in a flat space-time generates
the same effect that a photon moving in a curved space-
time. This is analogous to the effective mass assigned
to the photon in the context of the gravitational redshift
and is just an ad-hoc formulation to explain a general
relativistic phenomena.
Appendix E: CHSH inequality for a Franson and
Hugged interferometric arrays and a classical
electric field
In this section we describe the Franson and Hugged
interferometric arrays when they are feed by a classical
electric field. The field exhibits dispersion of frequency.
Let us consider a time dependent electric field that en-
ters in a Franson or a Hugged interferometric array. The
electric field that enters into the Mach-Zehnder interfer-
ometer to the left (i=1) becomes, after passing the first
beam splitter,
EBS =
1√
2
[E1(t+ ∆τγ1) + iE1(t+ ∆τγ2)] , (E1)
where ∆τγ1 (∆τγ2) is the temporal delay in the path γ1
(γ2). After passing the last beam splitter, the electric
field becomes
Eout =
1
2
[(E1(t+ ∆τγ1) + iE1(t+ ∆τγ1))
+ i(iE1(t+ ∆τγ2) + E1(t+ ∆τγ2))] . (E2)
Finally, the electric field at each detector is given by
EA1out =
1
2
[
E1(t+ ∆τγ1)− E1(t+ ∆τγ2)eiφA
]
, (E3)
EA2out =
i
2
[
E1(t+ ∆τγ1) + E1(t+ ∆τγ2)e
iφA
]
. (E4)
The instant intensity in each detector IAi ∝ |EAiout|2. As
we set previously, the normalized intensity is related to
the probability p = I/I0. Thus, the field intensity at the
port a1,1 is
I1,1 =
1
4
[|E1(t+ ∆τγ1)|2 + |E1(t+ ∆τγ2)|2
−E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)eiφA
−E∗1 (t+ ∆τγ2)E1(t+ ∆τγ1)e−iφA
]
. (E5)
For the port a1,2 we have
I1,2 =
1
4
[|E1(t+ ∆τγ1)|2 + |E1(t+ ∆τγ2)|2
+E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)e
iφA
+E∗1 (t+ ∆τγ2)E1(t+ ∆τγ1)e
−iφA] . (E6)
Analogously, for the electric field entering in to the Mach-
Zehnder interferometer at the right hand side (i = 2), we
obtain the following field intensities
I2,1 =
1
4
[|E2(t+ ∆τγ′1)|2 + |E2(t+ ∆τγ′2)|2
−E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)eiφB
−E∗2 (t+ ∆τγ′2)E2(t+ ∆τγ′1)e−iφB
]
, (E7)
and
I2,2 =
1
4
[|E2(t+ ∆τγ′1)|2 + |E2(t+ ∆τγ′2)|2
+E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)e
iφB
+E∗2 (t+ ∆τγ′2)E1(t+ ∆τγ′1)e
−iφB] . (E8)
The probability of joint detection at ports a1,1 and a2,1
is given by p1,1 = 〈I1,1I2,1〉/I20 . Then, we obtain
p1,1 ∝ 1
16
〈[|E1(t+ ∆τγ1)|2 + |E1(t+ ∆τγ2)|2
−E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)eiφA
−E∗1 (t+ ∆τγ2)E1(t+ ∆τγ1)e−iφA
]
× [|E2(t+ ∆τγ′1)|2 + |E2(t+ ∆τγ′2)|2
−E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)eiφB
−E∗2 (t+ ∆τγ′2)E2(t+ ∆τγ′1)e−iφB
]〉.
(E9)
Analogously, for the ports a1,1 and a2,2, we obtain
p1,2 ∝ 1
16
〈[|E1(t+ ∆τγ1)|2 + |E1(t+ ∆τγ2)|2
−E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)eiφA
−E∗1 (t+ ∆τγ2)E1(t+ ∆τγ1)e−iφA
]
× [|E2(t+ ∆τγ′1)|2 + |E2(t+ ∆τγ′2)|2
+E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)e
iφB
+E∗2 (t+ ∆τγ′2)E2(t+ ∆τγ′1)e
−iφB]〉.
(E10)
This is similar to p2,1. For the detectors a1,2 and a2,2,
the probability is given by
p2,2 ∝ 1
16
〈[|E1(t+ ∆τγ1)|2 + |E1(t+ ∆τγ2)|2
+E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)e
iφA
+E∗1 (t+ ∆τγ2)E1(t+ ∆τγ1)e
−iφA]
× [|E2(t+ ∆τγ′1)|2 + |E2(t+ ∆τγ′2)|2
+E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)e
iφB
+E∗2 (t+ ∆τγ′2)E2(t+ ∆τγ′1)e
−iφB]〉.
(E11)
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The CHSH inequality is given by |Σ| ≤ 2, with Σ =
E(φ1, φ2) +E(φ
′
1, φ2) +E(φ1, φ
′
2)−E(φ′1, φ′2), where the
expectation values E(φ1, φ2) = p1,1 + p2,2 − p1,2 − p2,1.
The non-vanishing terms in a expectation value are
E (φ1, φ2) =
1
4
[
〈E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)ei(φ1+φ2)〉
〈|E1(t)|2|E2(t)|2〉 + c.c.
+
〈E∗1 (t+ ∆τγ′1)E1(t+ ∆τγ′2)E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)ei(φ1−φ2)〉
〈|E1(t)|2|E2(t)|2〉 + c.c.
]
. (E12)
However, the temporal average between the fields
〈E∗1 (t+∆τγ1)E1(t+∆τγ2)E∗2 (t+∆τγ′1)E2(t+∆τγ′2)〉 can
be considered as a product of temporal averages ([20, 21])
provided that the coherence time of each field is less than
the coherence time of the product of the fields. Then
〈E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)〉
= 〈E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)〉〈E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)〉.
(E13)
E (φ1, φ2) =
1
4
[ 〈E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)〉
〈|E1(t)|2〉
〈E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)ei(φ1+φ2)〉
〈|E2(t)|2〉 + c.c.
+
〈E∗1 (t+ ∆τγ′1)E1(t+ ∆τγ′2)〉
〈|E1(t)|2〉
〈E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)ei(φ1−φ2)〉
〈|E2(t)|2〉 + c.c.
]
.
(E14)
Replacing the usual values of the local phases, we obtain
Σclass =
√
2
2
[ 〈E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)〉
〈|E1(t)|2〉
〈E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)〉
〈|E2(t)|2〉 + c.c.
]
(E15)
Considering an electric field as in Eq. (C7), the tempo-
ral average (E13) becomes
〈E∗1 (t+ ∆τγ1)E1(t+ ∆τγ2)〉〈E∗2 (t+ ∆τγ′1)E2(t+ ∆τγ′2)〉 =
1
T 2
∫ ∞
−∞
dν|E˜1(ν)|2e2piiν∆τγ1,γ2
×
∫ ∞
−∞
dν˜|E˜2(ν˜)|2e2piiν˜∆τγ′1,γ′2 e−iφ12 .
(E16)
The CHSH functional Σ of Eq. (E15) adopts the fol-
lowing form
Σclass =
√
2
2
∫∞
−∞
∫∞
−∞ dνdν˜|E˜(ν)|2|E˜(ν˜)|2 cos
(
2piν∆τγ2,γ1 + 2piν˜∆τγ′2,γ′1
)∫∞
−∞
∫∞
−∞ dνdν˜|E˜(ν)|2|E˜(ν˜)|2
. (E17)
Considering a Gaussian distribution for the amplitude of
the electric field as in Eq. (79), the CHSH functional Σ
of Eq. (E17) becomes
Σclass =
√
2
2
∣∣∣∣∣e− 14
(
∆τ2γ1,γ2
σ21+∆τ
2
γ′1,γ′2
σ22
)
cos
(
2piν1∆τγ1,γ2 + 2piν2∆τγ′1,γ′2
) ∣∣∣∣∣. (E18)
This equation is clearly upper bounded by 2, so for a clas-
sical field is impossible to violate the CHSH inequality.
Moreover, if the time delays correspond to a difference of
elapsed proper time in each path of the interferometric
array, the CHSH function shows a drop in the interfer-
ometric visibility and a phase shift that depends on the
gravitational time dilation, but there is no violation of
the inequality. In the case of a Bell test performed with
a pair of photons the violation of the CHSH inequality
ensures a truly quantum effect in a regime of a weak
gravitational field.
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